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ESTIMATING GREEN ROOFING AND STORM WATER REGULATION IN AN 
URBAN ENVIRONMENT 
MATTHEW DAVID BOLT 
ABSTRACT 
The City of Boston land use has altered the surrounding watersheds through creation of 
infrastructure, damming, landfill, and expansion of impervious surfaces. The continued 
growth of the City has historically outstripped the capacity of its combined storm and 
sanitary sewer system, necessitating discharges into area water bodies. In light of model 
forecasts by the Intergovernmental Panel on Climate Change predicting precipitation 
increases it is likely the already strained system will need additional capacity. Boston's 
tradition of expanding artificial capacity is compared to the City of Curitiba's enhanced 
natural capacity stormwater management plan. Limitations in both are discussed and the 
author concludes the City of Boston would benefit from increasing decentralized natural 
capacity through green rooftechnology. 
To investigate this claim remote sensing data was analyzed over three neighborhoods. 
The resulting available green roofing area was then combined with historical climate data 
to create a retention response model. The extrapolated city-wide model predicted 
retention of 19%-27% of total building received rainfall from 1983-2009. This model 
was then correlated with Combined Sewer Overflow (CSO) discharge National Pollutant 
Discharge Elimination System report data. The retention volume was found to 
accommodate most discharges in the FY2009 as well. Thus, extensive green roof 
lV 
technology presents a supplemental capacity building strategy for the City of Boston to 
avoid increases in future CSOs. 
v 
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SECTION I 
Introduction 
The city of Boston historically and repeatedly has expanded into its surrounding 
waterways and altered the respective watersheds. As urban expansion continued and 
outpaced infrastructure capacity, the combined sanitary and storm sewer began to 
overflow. The severity of these overflows significantly damaged Boston Harbor and 
prompted federal intervention in the early 1980s. This action resulted in the genesis of 
the Massachusetts Water Resources Authority (MWRA) and the Boston Sewer and Water 
Commission, by the State of Massachusetts. These new agencies were tasked with the 
better management of drinking water and the combined sanitary and storm sewer system 
for the greater Boston region. The subsequent engineered infrastructure-based solutions 
to create more capacity by decoupling areas of the sanitary and storm systems have 
reduced, but not eliminated, urban flooding and overflows (Mazzone 2005). In light of 
Intergovernmental Panel on Climate Change's (IPCC) models predicting dramatic annual 
precipitation increase within the New England states, this continued incapacity and the 
potential for its resurgence presents a significant concern (IPCC-AR 4 2007). Identifying 
and implementing solutions to increase stormwater storage capacity are therefore vital to 
the continued functioning of the sanitary and storm sewer system. 
1.1 Water Regulation Service 
"The timing and magnitude of runoff, flooding, and aquifer recharge can be strongly 
influenced by changes in land cover . .. such as the conversion of wetlands or the 
replacement of forests with croplands or croplands with urban areas." 
-United Nations Millennium Ecosystem Assessment 2003. 
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Figure 1. Ecosystem Services. This well-known graphic from United Nations' 2003 
Millennium Ecosystem Assessment demonstrates the importance of water regulation 
services and its relationship to all other ecosystem services. 
The importance of water regulation, as described above, is dramatically illustrated in 
2 
Figure 1 from the United Nations' 2003 Millennium Ecosystem Assessment (MEA 2003) 
which places the ecosystem service in the middle of all the others; all other benefits hinge 
upon it. Water regulation services are shown here to be more than a directly 
anthropocentric concern, but are also biocentric via flood mitigation, water provisioning 
services, food provisioning services, and resiliency building biodiversity conservation. 
Water storage at spatial and temporal scales is the ecosystem function most associated 
with water regulation services (MEA 2003, Daily 1997). This study is focused this 
storage function, as it exists within the urban environment of Boston, Massachusetts 
in relation to stormwater management. 
1.2 Capacity 
3 
Approximately 119,000 km3 of water each year is received as precipitation on land 
globally, a sufficient volume to cover the entire planet in lm of water (WWDRl 2003). 
The spatial heterogeneity of the land's surface impact the accumulation or occlusion of 
precipitation regionally; whereas land cover type and its infiltration capacity or 
permeability influence how the precipitation is regulated locally. As described by MEA 
2003 and summarized by Daily (1997): land cover is a determining characteristic which 
directly impacts the capacity at which ecosystem functions can provide water regulation 
services. The attenuation of incoming precipitation by aboveground vegetation 
moderates both the velocity and the volume of precipitation reaching the soil surface. 
Belowground biomass, soil, and substrate further retain and slow the already vegetation-
attenuated precipitation. These accumulated effects allow for the recharge of water 
tables, near surface aquifers, larger deposits, subsurface water, and nearby surface waters 
through runoff and seep. Thus these cumulative impacts reduce and prevent flooding. 
Appropriate timing and recharge of water tables also supports local water provisioning 
Boston 
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Figure 2 Boston: 1775 to Present. The progression of Boston's living space and loss 
of storm water retention capacity is illustrated above. From the loss of permeable 
surfaces, to the infill of wetlands with impermeable surfaces Boston has greatly 
altered the surface area intercepting rainfall and the receiving bodies of water. 
and food provisioning services. The temporal sensitivity of subsurface recharge, runoff, 
seep, and surface water recharge is also crucial in supporting local aquatic biodiversity 
through changes in water body temperature, clarity, and nutrient content. Thus local 
events that disrupt or alter these connections, such as the addition or removal of 
4 
vegetation or paved surfaces, directly impact downstream and watershed processes and 
therefore coastal processes, biodiversity, and ecosystem function (Rabalais 2005). 
The current threat to regulation and flood mitigation in New England is twofold and is 
accentuated in urban and urban sprawl environments. The first is the tangible loss of 
permeable surfaces and high capacity wetlands, which increase stormwater retention 
and attenuation, to an accumulation of impermeable surfaces (Figure 2). As noted in 
1997 by the United Nations, this trend is neither slowing nor stabilizing, but rather is 
increasing as the urban population and sprawl continues to rise. This rapacious 
increase of urbanization globally has been projected in some estimates to a 60% 
increase of growth before 2025. The second threat, the increase in annual 
precipitation and increase in violent weather in the Northeast Coast of the United 
States, is less tangible currently (Ehrlich 2008, NOAA 2011, EPA 2011, IPCC AR 4 
2007). 
1.3 Urban Stormwater Regulation 
5 
A range of technologies and development methods can compensate for the loss of natural 
water regulation capacity within urban environments through replacement, such as storm 
sewer systems and deep tunnel projects, or enhancement of remaining natural spaces such 
as swales, retention ponds, buffer strips, and green infrastructure. Most of these rely 
upon leveraging natural capacity, using engineered solutions to create artificial capacity, 
or a hybrid of these strategies. In abstract, the lowest-cost most-flexible solution may 
appear to be the more appealing option; however, urban environments are rarely this 
6 
simple. To better understand the impact of these options it is necessary to review their 
deployment in situ. Another city facing similar IPCC precipitation predictions as Boston 
is the City of Curitiba, Brazil. These two provide examples of management histories and 
plans which leverage the technologies and development methods options differently. 
1.4 Natural Capacity & Curitiba, Brazil 
Curitiba is the capital city of the Brazilian state of Parana. With a population of 
1,727,010 over its 431km2 expanse, the city lies within the Koeppen Subtropical 
Highland (Ctb) climate (Peel2007). Recently named the Globe Forum's 2010 
Sustainable City, Curitiba boasts 51.5m2 of greenspace per capita. Beginning with 
expansion in the 1940s, the City of Curitiba has maintained a master development 
plan that continues to guide infrastructure growth. During the regime changes of the 
late 1960s and early 1970s a union of young architects proposed a revision to the plan 
which encouraged economic expansion, while including sustainability, biodiversity 
management, community involvement, and a reduction of individual transportation 
without incurring large expenses. The crux of their amendment rested upon adaptive 
management which placed parks and greenspace along sensitive waterways and 
replaced non native ornamental species with low maintenance native flora. The 
architects came into public office just as new federal laws required large cities to 
create and implement policies to protect natural capital and public health. This 
allowed the amendment authors to impose regulations directly. The infrastructure's 
transition from impermeable paved space and ornamental plantings to native flora was 
and continues to be supported by well stocked greenhouse and nursery facilities with 
enough seedlings and saplings to replace the city's plantings near-annually (UN CBD, 
PBS 2003, Citiesforpeople 2009). 
The presently still active amended plan included revisions to de-channelize and de-
occupy the rivers which cross the city's boundaries. Channelization, as pointed out by 
the architects, only moves the problem downstream faster. By creating large buffers 
around the city's many voluminous waterways, natural meandering was able to occur 
without property loss. It was intended that these areas would also absorb seasonal 
flood waters of the Bariqui and the Iguacu rivers; the latter of which supplies the force 
behind the multiple downstream hydroelectric dams, and thus is of national 
importance (Figure 3). To compensate for flooding in established areas, the 
amendments created overflow waterways into former clay and gravel quarries within 
the city limits. These overflow sites were connected and renovated to provide 
aesthetic and recreational benefits such as swimming and boating (UN CBD ). 
Despite awards, and accolades Curitiba, the city still incurs flooding. In recent years, 
including 2006, 2009, 2010 and 2011 floods have reached washout heights in the 
areas near the still channelized Bariqui neighborhood in the Matriz district and mild 
flooding in the Centro area ofMatriz- both near identified slums (PBS 2003, RCPTV 
2010, G1Globo 2011, CNN 2011). 
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Figure 3 Curitiba Green Space. This City of Curitiba Zoning and Planning 
Institute map demonstrates the spatial contrast between areas of higher retention 
capacity (e.g. park space) and more impermeable areas. Not pictured here are the 
smaller botanical gardens, historical sites and comer parks found within the 
established areas. Note the magnitude of buffer zones around the waterways to 
the city. NB Cambio Verde green dots are part of a litter for goods exchange 
program unassociated with green space extent. 
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Protected Open Space, 
By Boston Neighborhood, 2001 
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1.5 Engineered Solutions & Boston, Massachusetts 
Figure 4 Boston Open 
Space. City of Boston 
Parks Department map 
of open space from 2001 
census data. Open space 
includes areas of 
impermeable surfaces 
such as public squares 
and areas of permeable 
surface such as parks 
which retain rainfall. 
This combination of land 
use types may cause this 
figure to distort green 
space and the spatial 
extent of its storm water 
retention potential. 
Boston contains approximately 645, 170 residents across its maritime influenced 
Koeppen Humid Continental (Dfa) climate 232 km2 area (Peel2007, City of Boston 
2011). Per capita access to open space is between 20m2 to 93m2 varying by 
neighborhood (Figure 4). Open space, differing from the greenspace defined by 
Curitiba, includes permeable areas with retention capacity: parks, 'urban wilds', 
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community gardens, urban woodlands, street trees, active and historic burying 
grounds, and two golf courses and impermeable playgrounds, squares and outdoor 
malls. Home to a long planning and urbanization history- ranging from Frederick 
Law Olmsted's emerald necklace landscape designs to some of the Nation's first 
subdivision- Boston balances between expansion, modernization, and historic 
preservation. Until recently, however, sustainability and natural water regulation was 
not enumerated in these plans or developments as they were in Curitiba. 
1.6 Combined Sewer Overflows 
10 
This impact ofthis absence was felt in the 1985 Federal District court case MWRA v 
USEPA, originated from the 1982 civil actions: United States of America Vs. 
Metropolitan District Commission (MDC), et al and Conservation Law Foundation of 
New England, Inc. Vs. Metropolitan District Commission, et al cases (Mazzone 2005). 
Among other claims, the cases leveraged the Clean Water Act to address the MDC's 
combined sanitary and storm sewer untreated daily discharges, or Combined Sewer 
Overflows (CSO), into local rivers and waters (Figure 5). To date, the MWRA Combined 
Sewer Separation project has separated sewers in portions of Dorchester, Stony Brook, 
and South Boston ultimately achieving a 76% reduction in discharges by 2006 (Laskey 
2006). Now more than 25 years into the ongoing case, the City of Boston has progressed 
towards a more holistic view: in March 2011 the Boston Recreation and Parks 
Department released their Sustainability Plan (BRPD 2011 ). Outlined in the document 
are short-term goals to increase public spatial data access via GIS integration and to apply 
this data toward the continued support ofthe Growing Boston Greener initiative, which 
11 
calls for an increase of Boston's tree canopy to a 35% mappable area. Long-term goals 
include partnering and cost sharing with other city, county, state and federal agencies and 
non-governmental-organizations to expand mutually beneficial stormwater management 
opportunities and to enhance and protect vulnerable water bodies. To meet these goals, to 
continue to assist the MWRA in meeting court mandated benchmarks, and to anticipate 
changes in the future annual precipitation, the City of Boston and area municipalities will 
need to look beyond re-investing in current and ineffective practices. Adapting and 
innovating practices and methods from other cities that are bearing similar burdens of 
increasing population, difficult economic times, and expected precipitation increase the 
Boston could implement a Curitiba-like expanded street-level greenspace model which 
calls for the creation of multipurpose drainage reservoirs and large riparian corridors. 
While parts of this model could be potentially implemented, broadening the riparian 
buffer around the Charles River Reservoir would drastically alter the face of Boston; 
creating additional reservoirs within the city also faces similar challenges and similar 
prohibitive expense. To take advantage of both an increase in greenspace and reservoir 
capacity, a decentralized model may be the most effective. At a very small scale, this is 
how a green roof behaves. 
1. 7 Green Roof Technology 
Green roofing technology is separated into two major classes: Intensive and Extensive. 
The main division rests, quite literally, on the supporting structure's weight bearing 
capacity. Intensive roofing technologies include a deeper vegetative growth substrate, 
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Figure 5 MWRA CSO Update. Included as an update to the Federal district court, 
each colored dot represents and outfall location either historical or in operation. 
The extensive restoration accomplished and further improvements identified above 
are intended to resolve the constant untreated sewer overflow issues dating back 
prior to the case filing in 1982. Increased annual precipitation due to Climate 
Change has the potential to overload even the upgraded system. 
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usually greater than 15cm and are able to support more complex plant communities, but 
these require significant structural support. This support and increased substrate profile 
often provides for a variety of other uses incorporated into the designs such as patios, 
pool decks, and greenhouse space. Extensive green roofs, with a maximum substrate 
layer depth of about 15 em, usually can be deployed in situations lacking enhasnced 
structural support, providing that prevailing building code requires these to sustain wet 
stone ballasts (Mentens 2005). Within this narrow definition there exists some variation 
in the vegetative and non-vegetative aspects of the technology's design. 
Species composition in extensive roofing technology is restricted by the localized 
climatic conditions and the water retention abilities of the thin substrate. As discussed in 
Van Woert (2005) who reviewed species selection decisions in Quebec by Boivin et al. 
(200 1 ), the intense and daily vacillating temperature, moisture, and wind conditions 
exclude many herbaceous perennials. The favored plants in northern latitude and cold 
climates are members of the Crassulaceae family which are characterized by drought and 
cold temperature adaptations. From this family it is the short and stocky Sedum genera 
that is the most commonly employed (Villareal2005, Mentens 2005). Other 
Crassulacean Acid Metabolism (CAM) capable species have been deployed with 
extensive green rooftechnology to a lesser extent. This is illustrated in the nearly 3 acres 
of extensive green roofing in the Boston metropolitan area, which has almost exclusively 
deployed Sedum (greenroofs.com 2011). Local installations include: the Four Seasons 
Hotel, the Harvard Business School, private residences, and others. 
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In warmer and more tropical climates where water stress occurs frequently during hotter 
conditions, the important CAM switching potential of Sedum spp. is reduced (Castillo 
1996). This is specifically the case in Australian and New Zealand cities where areas of 
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Figure 6 Extensive Green Roof Structure. Adapted from Stovin 2010, this 
representative side view demonstrates the movement of water through the system; 
magnitude of runoff reduction is not exact. 
application often see localized water stress conditions outside of the Sedum's preferred 
temperature range, causing installation failure. Further compounding the case against 
Sedum in these locales is the invasive behavior of the exotic plant beyond installations; a 
dilemma which prevents use of another CAM switching species, 
Mesembryanthemum crystallinum, in the US (Williams 2010). Thus, sites facing 
projected temperature increase and reductions in precipitation may favor other vegetation 
choices. 
Non vegetative elements of the technology may differ somewhat, but most commercial 
designs follow a basic structure as seen in Figure 6. Specifically, beyond the vegetative 
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layer and substrate, there is a filter membrane which retains the substrate, a drainage 
layer which may or may not include a water retaining plastic felt, and then a 
waterproofing root barrier which sits upon the roof. This entire assembly, like the 
standard stone ballast, sits atop a previously laid traditional roof. These supporting 
structures are feasibly constructed locally (Villareal 2005 and Liu 2003 ), but are also 
commercially available with XeroFlor system components being the internationally 
preferred technology (Getter 2007 and 2006, Van Woert 2005, Emilsson 2005 and 2006, 
Hunt 2008, and Williams 201 0). Alternatives to the standard also exist when 
commercially available products or feeder stock components such as oil have a high 
import cost: "use of recycled material can be a way to reduce the need for transport and 
to find use for a locally available material that is otherwise worthless" (Williams 2010). 
Ultimately the extensive technology's market draw rests in its ease of installation, ability 
to retain water and mitigate urban runoff pulses, and mild insulation value; unlike its 
intensive counterpart whose market value lies in aesthetics, improved space usage, 
increased water retention, insulation, roof life extension, and carbon sequestration 
(Emilsson 2005). 
1.8 Thesis Objectives 
The MWRA's ongoing CSOs, although reduced from the agency's past discharge rates 
and volumes, still occur and are primarily attributed to heavy rainfall (NPDES 2009). 
The continued discharge of overflows and the predicted 25% increase in precipitation 
underscore the need for further storm water retention capacity within the City of Boston. 
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Historically, direct addition to or adaptation of Boston's sewer infrastructure has been the 
solution applied with varying results. Could there be one or many alternative choices to 
more and wider pipes? To best identify potential alternatives requires technology or 
method siting and impact modeling studies. In focusing on extensive green roofing, this 
study has sought: to identify an accessible siting method, to meet municipal building 
requirements, and to model the potential retention impact of a full deployment of the 
technology or best case scenario. These goals were addressed through analyzing Light 
Detection and Ranging (LiDAR) products in GIS to determine potential siting area, then 
applying those results to a stormwater retention model. 
SECTION II: 
Methods 
2.1 Stormwater Retention Model 
To establish the conditions evaluated in this model, parameters were chosen from peer 
reviewed field studies and their findings (Table 1 ). The studies varied in their treatment, 
identification and observation of storm water retention influencing factors: substrate 
depth, slope, antecedent rainfall conditions, and plant species. A lack of peer reviewed 
consensus was found regarding these four factors and their range with exception of plant 
species; often antecedent conditions were not studied directly. It was uncommon for all 4 
factors to observed and analyzed simultaneously. 
17 
Study Depth (em) Retained Precipitation Slope 
DeNardo et al 11.4 45% 8.3% 
Getter et al 6 53%-100% 2%, 7%,15%, 
25% 
Hunt et al 5, 10 62%-63% 1%,3% 
Carpenter et al 10.19 68.25% 1% 
Stovin 8 34% 2.6% 
Van Woert et al 3.25, 4.75, 6.75 65.9%-70.7% 2%,6.5% 
Villareal et al 4 23.3-45.6% 2%, 8%,14 
Table 1 Extensive Green Roof Field Studies. Survey of water retention field studies and 
respective reported slope and substrate depths. 
The impact of substrate depth, slope, and maximum and ideal slope on retention response 
rates, as noted in Figure 7, was spread across a range. Of the studies surveyed Getter et 
al (2007) analyzed the largest range of slopes simultaneously. Getter's study, executed 
near Detroit is also unique in that she deployed 3-year-established extensive roof panels 
whereas most studies begin and end in the installation year. Getter 's observations and 
analysis demonstrated that at a 25% slope, approximately 14°, retention efficacy reduced 
significantly. The comprehensive observations and results ofthe study fell within the 
range of retention rates found in the literature and were assumed for this model (Figure 
8). The applied parameters from Getter et al include: an installation upper bound of 25% 
slope, 6cm growth medium, and fully established Sedum cover. 
Retention responses from Getter (2007) were modeled for non-snow precipitation (Table 
2). It should be noted that snow accumulation does not impact roofing performance; 
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conversely, the technology has been shown to provide further insulation. The meltwater 
retention capacity has not yet been thoroughly studied (Liu and Baskaran 2003, DeNardo 
2005). Snowfall amounts were removed from precipitation records received from the 
Historical Climate Network for the Blue Hills Reservation 1983-2008 calendar years; the 
remaining precipitation amounts were separated into precipitation bins. Daily 
precipitation was then extrapolated across the entire building footprint area of each 
neighborhood, and slope specific retention response rates were applied. 
Rainfall & Retention Response 
Rooftop Slope <2mm 2mm-10mm >10mm 
2% 93.3% 92.2% 71.4% 
7% 94% 89.5% 66.4% 
15% 94% 88.6% 58.4% 
25% 94.2 87.8% 57.1% 
Table 2 Model Retention Response. Adapted from Getter et al 2007, percent retention 
rates (%) incorporated into precipitation model. 
2.2 GIS Data & Preparation 
The LiDAR point cloud was created by 3Di Technologies Inc for the Massachusetts 
Department of Environmental Protection in a 2005 aerial survey. The raster layers 
(LiDAR raster) in 1m resolution were previously interpolated by Newe112010 from the 
point cloud files obtained from Massachusetts Geographic Information System 
(MASSGIS). The building footprints layer (building layer) is publicly available from 
19 
MASSGIS and was created from the same initial LiDAR data point cloud. Analysis was 
executed using ESRI Arc Map 9 and Arc Map 10 (Arc Map) within the North American 
Datum 1983 State Plane for Massachusetts. Neighborhoods, as defined by the City of 
Boston Architectural Commissions, were individually clipped from the larger LiDAR 
raster. Initially Back Bay and the South End were only uniquely identified. 
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Figure 7 Depth Weighted Retention. Identifying the range of retention response as 
compared to substrate/media depth and study slope was important in parameterizing the 
stormwater retention model. Here it can be seen that the parameters described in Getter 
et al (2007) fall within an acceptable range from the peer-reviewed literature. 
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2.3 Siting Method 
Contour analysis, ground mask, and percent slope layers were generated in ArcMap for 
each neighborhood LiDAR raster. Through the topographic display of contour analysis, a 
contiguous rise in background, or street and ground, elevation was revealed within the 
South End; this specifically outlined the historical district of Saint Botolph. The 
elevation division ran along the north side of Columbus Avenue northwest to Huntington 
Avenue. To preserve a homogenous background value for subsequent relational analysis, 
this area was necessarily clipped from the South End and treated as its own 
neighborhood. Via raster calculator respective binary layers were created: above 
background elevation (+0.5m) or below the neighborhoods ' identified background 
elevations. These were reclassified as a singular ground mask layer of above background 
elevation pixels to identify and later remove courtyards and sunken stairwells within 
building footprints. Horn's algorithm (box 1), generates slope values in ArcMap and is 
informed by a 3 x 3 pixel window around the target pixel. The algorithm internally 
weights adjacent pixels above tangential pixels and when processing NoData pixels 
ArcMap assigns them a zero value. Due to these parameters slope analysis was executed 
with the complete neighborhood LiDAR raster. 
The percent slope layer was then extracted through two masks: the building layer and the 
ground mask layer. This removed all but the above-street-elevation objects within the 
building footprints that first returned images to the original LiDAR sensor in the 2005 
survey. Thus, the layer represented the percent slope of rooftops and rooftop features 
1m2 or larger. To identify the extant of desirable slopes the resulting raster was then 
converted from floating 32-bit to signed 32-bit, creating an attribute table. 
Slope radians= ATAN ( v ([dz/dx] 2 + [dz/dy] 2 ) ) 
Table 3 Hom's Algorithm. Slope is determined in ESRI ArcMap using the above 
equation in a moving three-by-three pixel square window; thus adjacent and 
tangential pixel values can falsely impact slope analysis. 
2.4 Viewshed Method 
The City of Boston Architectural Commissions guidelines identify several historic 
districts (e.g. Beacon Hill, Bay Village, the North End, South End, Back Bay, and Saint 
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Botolph). Each district has a separate set of guidelines enacted by local ordinance which 
governs permitting of both new and renovation construction. Of the neighborhoods 
analyzed, the South End and Saint Botolph have public "street level" viewing restrictions. 
These ordinances require all construction to not impact or alter the historic character of 
structures that can be seen from public view. The more than 20-year-senior Back Bay 
ordinance; however, includes all visible exteriors. All three ordinances call for permits to 
be reviewed by architectural or historical commissions, with all three having proven to 
allow degrees of flexibility in accommodating artistic license. To account for visible, and 
therein potentially unavailable, roof space a veiwshed layer was generated as an 
exclusion mask. 
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Lines were hand digitized from the neighborhood LiDAR raster- avoiding projecting tree 
canopies- along streets; alleyways were included in Back Bay. These were converted into 
a feature layer per neighborhood. ArcMap's viewshed analysis identifies the nearest 
visible pixels in a sweep from 90° through 0° to 270° on the right and 90° through 180° 
to 270° on left ofthe identified viewing point, treating NoData or empty pixels as 
transparent. To avoid building pixels from being superseded in the analysis by canopy 
pixels and street lamp pixels an urban canyon raster layer was needed. To achieve this 
from the original complete LIDAR raster, the neighborhood LiDAR rasters were 
individually extracted by mask through their respective digitized feature layers and again 
separately through the their respective building layers. These neighborhoods' two 
resulting raster layers were merged into an urban canyon raster through ArcMap's mosaic 
co·mbination. Using the digitized lines as viewing points, with an OffsetA of 2 m for 
viewer height, the urban canyon rasters were then analyzed to create neighborhood 
viewshed layers (Figure 8). The viewshed layers were then reclassified into exclusion 
masks to present only non-visible pixels. The previously created 32-bit signed layers 
were was then extracted through their respective neighborhood mask to present only 
those slopes potentially available for green roofmg. 
Section III 
Results 
3.1 Ground Truth & Verification 
GIS product ground verification is essential to effective site selection, whether for spotted 
Figure 8 Viewshed Schematic. When the viewshed analysis is executed, all points first 
visible from the observation point or lines are identified in a 180° arc beginning directly 
above. The OffsetA is the height above the original layer the observation point or line 
should be set. When trees or other parkway obstacles are in place the analysis will identifY 
those which intercept the viewer's line of sight. Removing these items presents a ordinance 
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owl habitat preservation or extensive green roofing site forecasting (Hines and Franklin 
1997). Determining the spatial model's accuracy and sources of error are also necessary. 
Several locations across the study area were verified by reviewing aerial imagery from 
2005 through 2007 available via Google Earth. When possible, physical locations were 
also visited although sites were often altered from their survey-date state. The ground 
verification of the Dank & Donohue building on Newbury Street in the Back Bay 
neighborhood demonstrated a systematic error which caused incorrect and excessively 
steep pixel categorization (Figures 9, 10). The validation of the roof structures at the site 
through aerial images identified an error caused by the slope equation and its reliance on 
neighboring pixels in the face of dramatic elevation differences (Figures 11 a, 11 b). 
-Figure 9. Dank & Donohue 
LiDAR Pixels. Original LiDAR 
point interpolated raster from 
Newell2010. 
Figure 10. Dank & Donohue Slope Pixels. 
This demonstrates the pixel categorization 
error caused by the elevation difference as 
treated by Hom's Algorithm in ArcMap. 
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3.2 GIS Results 
Figure 11 a Google 
Earth 2005. The 
elevation drop is 
drarnati call y illustrated 
here between the two 
Dank & Donohue 
rooftops (highlighted). 
Figure 11 b Google Earth 2007. 
The sharper 2007 image 
illustrates the rooftop height 
juxtaposition as well as the 
change in the neighboring 
rooftops. At time of printing 
the more elevated rooftop of 
the Dank & Donohue structure 
remains the same, whereas the 
shorter rooftop now houses 
heating and cooling units. 
Studies that evaluated sloped surfaces incorporated an adjustment for the area able to 
intercept water by assuming that precipitation occurred perpendicular to an even 
background, creating a flat plane of interception or effective area (Getter 2007). The 
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Boston neighborhoods studied contained 30.9 ha extensive green roof potential effective 
area, approximately 33% of the total building footprints. The quantity and quality of 
potential sites was not evenly distributed between the neighborhoods. The South End had 
the most potential effective area: 17.1 ha compliant, 19.6 ha non compliant (Figure 12). 
The Back Bay followed with 8.2 ha compliant and 8.8 ha non compliant potential 
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effective area (Figure 13). Saint Botolph held less with 5.7 ha compliant and 6.0 ha non 
compliant (Figure 14). By percent available rooftop the Saint Botolph, South End, and 
Back Bay neighborhoods contained: 40.2% and 42.7%, 34.3% and 39.3%, and 27.9% and 
30.1% respectively. 
As can be seen in Figures 15 and 16 the distribution of slope grades varies, often with the 
higher percent slopes impacted more by the historical guideline restrictions. The mix of 
percent slope available i$ a key factor in determining water retention capacity within a 
neighborhood. For example the Saint Botolph neighborhood sites carried predominately 
less than 7% slope which suggests the area would see a higher rate of water retention 
locally than an area with steeper slopes. 
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Figure 12 South End Green Roof Potential. Areas in green meet green roof slope 
and ordinance requirements. Areas in red only meet the technology's requirements, 
but are excluded by the ordinance. Building area unavailable for roofing is noted in 
tan. 
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Figure 13 Back Bay Green Roof Potential. Areas in green meet green roof slope 
and ordinance requirements. Areas in red only meet the technology's requirements, 
but are excluded by the ordinance. Building area unavailable for roofing is noted in 
tan. 
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Figure 14 Saint Botolph Green Roof Potential. Areas in green meet green roof slope 
and ordinance requirements. Areas in red only meet the technology's requirements, 
but are excluded by the ordinance. Building area unavailable for roofmg is noted in 
tan. 
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Figure 15 Neighborhood Green Roofing Potential(%). The above presents the percent 
available sites of total neighborhood building footprints. It is further divided by 
neighborhood and ordinance compliance. The more visible, steeper and thus lower 
retention capacity slope are most impacted by the historical preservation ordinances. 
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Figure 16 Neighborhood Green Roofing Potential (ha). The above is comparison of 
available sites in hectares, by neighborhood and ordinance compliance. The more 
visible, steeper and thus lower retention capacity slope are most impacted by the 
historical oreservation ordinances. 
3.3 Stormwater Retention Model Results 
In the 2008 calendar year the Blue Hills Reservation National Weather Service site 
received 1.20 m of total non-snow precipitation. The green roofing retention response to 
this rainfall as it occurred was 71.2 million gallons or approximately 269,500 m3 (Figures 
17, 18 & 19). The building footprints within the study area were found to be 4. 7% of the 
building footprints in the 2005 City of Boston. Through extrapolation, applying each of 
the three neighborhoods' potential effective parameters as a scenario, it was determined 
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that between 19.97% and 27% (1490 mgy and 1710 mgy) of building intercepted rainfall 
would have been retained in 2008 across the city. When this model was applied across 
1983-2007 non-snow precipitation records, the average retention response ranged from 
22.1% to 24.2%. This volume does not represent the retained rainfall in relation to non-
building areas (e.g. parkways, sidewalks, roadways). As applied to the MWRA's 2009 
Fiscal Year National Pollutant Discharge Elimination System (MWRA NPDES FY2009) 
report, however, the model suggested the volume retained by potential green roofing 
would have accommodated the combined overflows from the Boston servicing CSO 
facilities in all but eleven of sixteen Boston-related discharge events (Figure 20). In those 
cases where the overflow discharge was not exceeded by retention, the presence of green 
roofing would still contribute heavily towards reduction. 
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Figure 17 Blue Hills Reservation 2008 non-snow precipitation. Rainfall from this weather 
station was extrapolated across the building footprints of Boston in the storm water 
retention model. 
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Figure 18 Stormwater 
Retention Model2008. 
The non-snow 
precipitation received by 
study area (Back Bay, St. 
Botolph and South End) 
buildings, assuming 
rooftops transmit 1 00% 
received rainfall, is 
represented in dark blue. 
Light blue demonstrates 
the impact of all 
compliant green roofing 
sites. This does not 
~ 
n:s include the green roof's 
~ potential attenuation of 
0 runoff. 
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July to October 2008 Rainfall 
• Total Roof Runoff • Runoff with Green Roofs 
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Figure 19 Stormwater Retention Model Inset. Displayed are the retention responses 
from the mid July to late October 2008 events. The difference in peaks is water retained 
by green roofmg. The different retention values can be seen between heavier and lighter 
events with a higher retention rate favoring the latter. 
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FV2009 Overflows and Retention 
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Figure 20 Fiscal Year 2009 CSOs and Potential Retention Capacity. Modeled from the 
MWRA NPDES FY2009 reports, it can be seen that the extrapolated green roof retention 
capacity in Boston often exceeds the discharge amount. 
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SECTION IV 
Discussion 
This study aimed to identify potential alternative urban development options to 
traditional infrastructure expansion in response to ongoing CSOs and predicted increases 
in precipitation for the City of Boston. In approaching this task via extensive green roof 
technology, several siting options were previously explored in the literature: physical 
inventory of the study area, LiDAR point cloud segmentation, and a variety of aerial 
photographic interpretations and interpolations in GIS (Kassner 2008, Kennedy 2007, 
Sullivan 2010, Carter 2007). Of paramount interest to this author was the accessibility of 
the method, ease of access to the data, and direct modeling. 
4.1 GIS Siting Potential & Viewshed 
The Commonwealth of Massachusetts' historical use of GIS, development of resources, 
and subsequent investment in LiDAR offered a unique chance to extract a more sensitive 
siting map and model than previous siting methods. It was found that LiDAR 
interpolated into raster was indeed sufficiently pliable within GIS and capable of 
delineating technology and aesthetic restrictions to identify potential sites. Through this 
process nearly 31 ha of available green roof effective area was identified in three Boston 
neighborhoods. To the author's knowledge this is a novel application ofLiDAR data in 
raster. During this model-building phase there were three sources ofunquantified pixel 
identification errors found: 2 within the slope determination process and 1 within the 
viewshed model. Due to raster pixel size relative to object size, here the roof planar 
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segments and rooftop features, the model contains some resolution driven errors. These 
errors could be reduced if Hom's algorithm was able to function within identified objects 
and did not recognize NoData pixels. Combined with the algorithm's weighting of 
adjacent pixels to determine slopes, this produced the first pixel categorization error on 
peaked rooftops: here the sharper roof peaks were seen to have a near zero slope. This 
error leads to an artificial increase in potential siting space, though it should be noted that 
the peak forms are uncommon in the study area. The second pixel categorization error 
was not as obvious, yet was more common. As previously stated, due to the weighting 
behavior of the algorithm it was preferable to determine slopes with complete LiDAR 
rasters. This allowed the weighting of roof edge pixels to be influenced by the adjacent 
ground pixel height. The result is artificially steep and siting unfavorable slopes 
identified around the rooftops of taller buildings. On the Dank & Donohue building and 
the Hynes Convention Center this was very apparent even between their rooftops and 
those of adjacent, but shorter buildings. The frequency of this underestimation error, by 
virtue of the often taller buildings within the study area, is more likely to occur than the 
previous overestimation error. 
To address the second concern: can GIS analysis further identify roof sites that meet 
historical preservation guidelines- an adaptation of the data into a viewshed model was 
required. The subtractive method described here, to the extent of the author's knowledge, 
is also a novel innovation of the model generating function. Through this method it was 
shown that indeed Arc Map is capable of producing a verifiable viewshed model from 
LiDAR interpolated rasters. A restriction of the original interpolated LiDAR points is the 
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lack of an urban, last return, "bare earth" type background. This prevented view lines 
from being drawn from the farthest opposing line of sight for either side, but instead were 
relegated to the canopy less middle of the urban canyon. This potentially overestimates 
the nonvisible points which might be able to exploit this technology; however, only 
surfaces of the higher optimal slopes could potentially be incorrectly categorized. 
4.2 Stormwater Retention Model 
To identify the potential magnitude of stormwater retention, the total available effective 
area of the varied roof slopes identified were grouped into classes based on response rates 
from previous studies. The modeled responses demonstrate that in 100% installation 
scenarios it is possible to prevent a sizeable quantity of storm water from being translated 
into the combined sewer system. Should the precipitation profile shift towards heavier, 
prolonged events this retention quotient would diminish considerably. Inversely should 
the profile move towards more frequent lighter precipitation events, then an increase 
bounded only by the impacts of antecedent conditions would be seen. The building of the 
model necessitated the introduction of a source of error wherein slopes closer to 0% were 
treated as having 2% retention response rates, and those closer to 2%, but greater than 
that value were considered to exhibit response rates like roofing at 7%. Since steeper 
roof slopes translate into less water retention this underestimates the overall potential 
impact within these study areas. In order to address the potential water retention 
contribution of a total deployment of all potential extensive roofmg in the City of Boston, 
the assumption was made that the three study areas represented the range of available 
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siting mixes that might be found. This could also create an over-or under- estimate if a 
neighborhood contained more single family homes with pitched and peaked rooftops or, 
in the case ofthe Financial District, a neighborhood presents large areas of flat rooftop. 
Likewise there are sites within the study areas which may be suited for higher retention 
capacity intensive roofing, but were treated here as potential extensive sites. 
4.3 Conclusion 
Ultimately and despite sources of error, this study has demonstrated that extensive green 
roofing could play an important role in providing water retention capacity within the city 
of Boston. The study results also underscores that this technology is not a single solution 
to the storm water retention capacity needs of the city; rather it presents a possibly potent 
supplement to a larger solution. Due to the spatial variation of the identified sites this 
technology also potentially offers specific localized alleviation of storm water 
management issues in drainage areas prone to flooding due to lack of infrastructure 
capacity; although this requires further validation. The ancillary benefits not considered 
here further support the implementation of extensive green roofmg in Boston, including: 
temporal stormwater attenuation (Getter 2007), urban heat island reduction 
(Alexandri2008, Kumar 2005), extended roof lifetime (Mentens2006), seasonal 
insulation benefits (Van Woert2005), and biodiversity enhancement potential 
(Brenneisen2006). The compound impact of these benefits across a citywide installation 
plan or incentive program, as seen from this study's storm water retention capacity, could 
begin to address other urban sustainability issues such as heating and cooling demand. 
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Through the field and site verification process, the dynamic world of Boston rooftops in 
an urban landscape known for its preservation unfolded over the course of the 6 years. 
The transformation occurring above the heads of Bostonians is a testament to those who 
maintain these buildings and it is also a stark reminder of the often petroleum based 
resources consumed in the city. This vacillation of roofs also defines a product life cycle 
which creates openings for the insertion of disruptive practices and technologies over a 
very short period: 3-5 years for most residential and commercial mix rooftops. Thus 
incentive programs focused to spread rooftop technology within the City of Boston 
should consider this turnover rate in their construction whether promoting photovoltaic, 
green roofing, or new materials. 
The combined database available through the United States Geological Survey's Center 
for LiDAR Information Coordination and Knowledge emphasizes the widespread use of 
LiDAR technology in other U.S. urban areas. It was the author's intent to determine an 
accessible and yet powerful method for identifying extensive green roofing potential 
within an urban environment. It is the hope that this method will be employed further 
within Boston to realize and model a more full impact of this technology, to assist in 
capacity building beyond court-mandated goals, and to be leveraged in other cities 
around the globe. 
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